. Linear porphyrin dimers with fluorenyl arms linked by an ethynyl bridge. Tetrahedron, Elsevier, 2013, 69 (34) 
Introduction
Assemblies of porphyrins have shown interesting properties for the fabrication of electronic devices, optical and for the conversion of solar energy. For efficient solar energy harvesting, several chromophores are needed in order to collect light from the entire solar spectrum. 1 In this connection, the photosynthetic light-harvesting systems (I and II) consist of well-organized porphyrin antennas in sophisticated three-dimensional structures. 2 As in nature, construction of multi-chromophore systems is important to ensure maximum use of solar energy. Thus, the ability to design and construct molecular architectures in which the energy flow can be controlled constitutes a great challenge. One approach is to use porphyrins as building blocks and to assemble them by different coupling methods. There are many ways to link porphyrins together, for example, for one of the first assemblies; the ester bond was used in 1976 by Anton 3 to synthesis diporphyrins and triporphyrins. These compounds were studied for the energy and electrons transfer in biological processes. In 1983, Milgrom published the synthesis of a broad assembly of porphyrins, linked by ether bond, to study the properties of light collection. 4 Many assemblies in which the porphyrins are directly connected by a single bond, usually between the meso positions, have been prepared by Smith's group, these systems allow electronic interactions between coupled porphyrins. 5 Therien et al.
published the synthesis of porphyrins dimer linked in meso position by a triple bond as a model for light collecting antenna. 6 Later, the synthesis of dimers and trimers linked by a ethynyl bond in different positions like the meso-meso, meso-1 and 1-1, was proposed to study the influence on the properties of absorption and emission. Lindsey's research group has developed methods for the preparation of a wide variety of assemblies of porphyrins linked by alkyne-aryl bond; they studied their potential as light collector. This approach was used to form linear porphyrin like dimers and trimers, 8, 9 we will now consider this type of linear rigid ethynyl bridge.
On our side, we have previously reported the synthesis of porphyrin possessing four fluorenyl arms directly connected at the meso-positions (TFP, compound 2).
10-13
More recently, a complete family of relevant porphyrins was studied in collaboration with
Williams.
14 Surprisingly, TFP exhibited a remarkably high quantum yield (24%), compared to the reference TPP, demonstrating the capacity of the fluorenyl units to enhance quantum yields. We next tested the corresponding platinum(II) complex in the fabrication of red Organic Light Emitting Diodes (OLEDs) obtained by vapour diffusion deposition 15, 16 or spin coating. 17 Then, to exploite this efficiency, a series of porphyrin dendrimers (generations G1
and G 2 ) bearing these fluorenyl dendrons, was prepared, namely: 3 and 4 ( Fig. 1) . However, the synthesis of a higher generation porphyrin (G 3 ) failed, most likely the so called "starburst limit effect" was reached.
18 Also, supramolecular assemblies 5 and 6, using these efficient building blocks have been prepared and studied by our group (Fig. 1 ). Another way to exploit highly efficient fluorenyl-based antennae with systems like TFP will be proposed in this report. After consideration of all these examples of assemblies, and knowing the capacity of fluorenyl arms to absorb light, the idea is to synthesize dimers of porphyrins as a model for the effect of light collecting antenna, substituted by six fluorenyls units in the meso position. In addition, we have seen that when the fluorenyl units were directly connected at the meso position like in TFP, there was a high fluorescence quantum yield. The preparation of a new assemblies of fluorenyl-porphyrins linked by alkyne-aryl bond 8,9 will be considered and by this approach, we will form linear porphyrin dimers.
The bond will be formed by coupling a porphyrin with an iodo group and another with a terminal alkyne function, catalyzed by a palladium complex, studied in different conditions.
However, in this respect, the synthesis of new monomers is required. To this aim, new building blocks with three peripheral fluorenyl groups and one anchoring point are described (10, 11, 12 and 13). First, we will describe the synthesis of prepared aldehyde 9 and then in more details, the synthesis of the new intermediate porphyrins 10, 11, 12 and 13, possessing one anchoring point. In a second time, the previous intermediate porphyrins 12 and 13 are connected to obtain the dimer zinc complex porphyrins 7 and by dematallation: to obtain free base dimer 8.
connected by direct meso connection to the porphyrin macrocycles.
It should be noted that in the conditions used, the non-substituted fluorenyl arm is stable but alkyl chains have often been introduced on the position-9 of the fluorenyl units to increase their solubility. 
% 9
Scheme 1: Synthesis of compound 9 (4 -((trimethylsilyl)ethynyl) benzaldehyde)
Synthesis and characterization of porphyrin 10, possessing three fluorenyl arms.
The protected free-base porphyrin A 3 B (10), was prepared from two aldehydes: the fluorenylcarbaldehyde (commercial) and previous prepared; 4-((trimethylsilyl) ethynyl) benzaldehyde 9. The synthesis of porphyrin 10 is made by the method of Lindsey: it consists of mixed condensation between two different aldehydes and pyrrole (Scheme 2). Three equivalents of fluorenylcarbaldehyde and one equivalent of benzaldehyde 9, prepared in advance, are reacted with four equivalents of pyrrole. The reaction takes place in chloroform, at room temperature, catalyzed by the Lewis acid BF 3 .OEt 2 . After three hours of reaction, adding three equivalents of p-chloranil in order to oxidize the porphyrinogen formed, the reaction mixture is refluxed for one hour. After neutralization of the acid catalyst with triethylamine, the solvent is evaporated. Porphyrin 10 is isolated as a purple solid from other reaction products (polymers as well as mono fluorenyl, di fluorenyl, etc…) by chromatography on silica gel with a yield of 15%, and was fully characterized. Deprotected porphyrin 11 was obtained as a dark red-violet powder with a yield of 98%, and was fully characterized; the hydrogen and carbon atom-labeling Scheme is shown in Figure 2 . First, the reaction is performed by adding a slightly excess of zinc complex porphyrin 12 to one equivalent of free base iodo-porphyrin 13 in a mixture of (THF/triethylamine) (5/1) in the presence of Pd(0) catalyst and a large excess of triphenylarsine (AsPh 3 ) as ligand (Scheme 6a). In these conditions the yield is very low (5%) and it was difficult to isolate dimer 7.
In more details, to a solution of a slightly excess of zinc complex porphyrin 12, and one equivalent of 13, 0.3 eq of the Pd(0) catalyst is added: Pd 2 (dibenzylidene acetone) 3 .CHCl 3 (Pd 2 (dba) 3 ). Then, finally, 2.4 equivalent of AsPh 3 in freshly distillate THF and triethylamine (5/1 mixture), were added. This solution was stirred for 72 hours at 35 °C under argon. Then, the reaction mixture was cooled at room temperature, filtered and evaporated to dryness. These conditions optimized by Lindsey 8,9 are preferred to standard conditions for Sonogashira coupling involving copper iodide, in order to avoid any risk of porphyrin copper formation. The residue was purified by two successive column chromatographies on silica gel, using (DCM/heptane) as an eluent and is purified by precipitation (heptane), affording the desired product 7, as a dark red powder with a yield of 5%. In these conditions two by-products were isolated: compounds 14 and 15 (Scheme 6b).
To avoid formation of former by-products and to optimize the yield, a different ligand as AsPh 3 for the palladium catalyst: tri(o-tolyl)phosphine (P(o-tol) 3 ) was tried. In these different conditions, a reasonable yield could be reached.
In more details, the reaction is now performed by adding one equivalent of zinc complex porphyrin 12 and one equivalent of free base iodo-porphyrin 13 in a mixture of (toluene/triethylamine) (5/1) in the presence of 0.3 eq of Pd(0) catalyst and an excess of P(otol) 3 as ligand (Scheme 6a). The reaction mixture was stirred for 24 hours at 35°C under argon. In these conditions, the yield is acceptable (25%) and it is possible, after 2 chromatographies and precipitation in heptane to isolate dimer 7 pure, as a dark red powder.
The connection was confirmed by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) and UV-Visible spectrometry. This new compound 7
is very soluble in most organic solvents and can be purified by precipitation (Et 2 O, heptane).
Compound 7 was fully characterized by usual solution spectroscopies (NMR, mass spectrometry) and microanalysis. For clarity by NMR, the hydrogen and carbon atom-labeling scheme is shown in Figure 3 . to be sure the entire zinc complex is eliminated, to obtain the totally free and protonated porphyrin dimer. Finally, sodium carbonate was added to neutralize acid and to get a red solution, to obtain the free, not protonated porphyrin dimer 8. Then, the residue was purified by column chromatography on silica gel using DCM to obtain neutral 8. This free dimer 8 was characterized by NMR, UV-Vis and mass spectrometry.
NMR studies
The 1 H NMR signals obtained in deuterated chloroform for porphyrins 10, 11, 12, 13 and finally 7 and 8, were carried out at room temperature, are fine and well resolved. 1 H NMR characterization of compound 10 and 11 -At high field, around -3 ppm, we observe the two protons carried by the nitrogen atoms in the heart of the porphyrin, this observed shift is due to be in the shielding cone of the porphyrin macrocycle. At 4.2 ppm, are the CH 2 protons of the three fluorenyl groups. In the region between 7.5 and 8.5 ppm resonate the aromatic protons (fluorenyl and phenyl). Concerning the meso substituents of the porphyrin:
we can notice that all the seven protons on the three fluorenyl arms are equivalent, and in In Figure 4 , we can observe the 1 there is a wide band at 281 nm corresponding to the absorption of the six fluorenyls arms (Table 1) .
Electronic spectra of titration -
The formation of free dimer 8 by adding TFA to zinc complex 7 was followed by UV-Visible spectrophotometry (Figure 5b ). During this titration, the Soret band, initially at 428 nm, for dimer 7, is red shifted to 461 nm, because protonation and consequently loss of encapsulated zinc. The evolution of visible spectra by basifying is shown in Fig. 5b For free base porphyrin dimer 8 -It shows the presence of a Soret band at 426 nm: this band is slightly blue shifted compared to 428 nm for dimer 7, due to the loss of zinc. This tendency in blue shifting is not observed for the Q bands; they are slightly red shifted compared to dimer 7, and the relative intensities are different. They are located at 521 nm (Qy(0, 1); strong), 557 nm (Qy(0, 0); strong), 595 nm (Qx(0, 1); strong) and 650 nm (Qx(0, 0); weak), corresponding typically to Visible absorption of a free porphyrin.
In addition, there is exaltation in UV absorption: a wide band at 268 nm corresponding to the absorption of the six fluorenyls arms is observed. We can notice in Figure 5a , that in this conjugated system possessing 6 fluorenyl arms and two porphyrin macrocycles, the antenna absorption is stronger for dimer 8, then for TFP possessing 4 arms per porphyrin heart. In Figure 5c 
Emission spectroscopy -
Generally, the emission spectra of porphyrin zinc complexes consist of three sub-bands assigned to a vibronic progression from a Q state: the band near 720 nm assigned as Q(2,0) is very weak and appears often as an extended tail on the Q(1,0) band. The strongest emission band Q(0,0) is typically around 600 nm and the second peak ; Q(1,0) at ∼ 650 nm, due to the metal coordination.
13
The fluorescence spectra at 25 °C of the zinc(II) complex 12, after excitation in the Soret band (or B(0,0) band) reveals a strong red fluorescence with a peak maximum Q(0,0) at 607 nm and a second peak, Q(1,0) at 655 nm (Fig. 6a) . We can notice that the band near 720 nm assigned as Q(2,0), does not appear for this complex. For comparison, the emission spectrum of free iodo compound 13 is also reported. After excitation in the Soret band, a strong red emission at 663 nm, assigned as Q(1,0), and a weaker shoulder at 728 nm, assigned as Q(2,0) are observed (Fig. 6a) effectively; after excitation in the Soret band, a weak emission at 600 nm, a strong red emission at 657 nm and a weaker shoulder at 720 nm are observed.
In conclusion for this compound 7, we clearly identify the free base part and the zinc Figure 6 : a/ Emission spectra of monomers 11, 12 and 13 compared to dimers 7 and 8 in DCM at room temperature. All the spectra are normalized to the spectrum of dimer 7 at 657 nm (concentration ~2.0 10 -6 M). b/ Fluorescence spectra of 7 in DCM at room temperature under single photon excitation conditions. A partial quenching of the donor emission is observed upon excitation of 7 at 280 nm (blue), resulting in a significant porphyrin emission from 7, compared to direct emission of 7 at 425 nm (red). c/ Fluorescence spectra of 8 in DCM at room temperature under single photon excitation conditions. A partial quenching of the donor emission is observed upon excitation of 8 at 280 nm (blue), resulting in a significant porphyrin emission from 8, compared to direct emission of 7 at 425 nm (red). d/ Photoluminescence spectra of dimer 7 (plain red) and 8 (plain blue) in CH 2 Cl 2 solution (~1.0 10 -6 M), at 25°C, the emission spectra were cut above 800 nm. Excitation spectra of compounds 7 (dashed red) and 8 (dashed blue) at 650 nm.
Energy transfer -The efficiently of energy transfer from fluorenyl donors
toward porphyrin acceptor will be discussed. Excitation of dimers 7 and 8 in the fluorenyl antennae results in the red emission of porphyrins with a max at 657 nm in both cases.
Effectively, the blue fluorenyl emission is partly quenched for dimer 7, almost completely quenched for free dimer 8, and red emission is seen predominantly from the porphyrin (Figure   6b and c). We have to notice that, when excited directly at 425 nm, dimers 7 and 8 show a strong red emission in comparison to the indirect excitation at 280 nm. But this is not evidence of inefficient energy transfer but of a more complex process.
28
The excitation spectrum of compound 7 around 657 nm (Fig. 6d) reveals that the strong emission from the Soret state is populated when the fluorenyl band is excited. This
indicates that excitation over all the 200-650 nm region leads to the population of the fluorescent excited states of the porphyrin, as the fluorene absorption becomes apparent under such excitation conditions. For comparison, the corresponding excitation spectrum of free dimer 8 is also shown in Fig. 6d , and we can see an enhancement in the UV region due to the fluorenyl arms for the latter.
Thus for these compounds 7 and 8, the luminescence can be modulated in a large range of excitation wavelengths from UV to red, to finally obtain the desired red emission. Values of quantum yield obtained in degassed toluene, of free ligands 1, 2, 3 and 4 are reported in Table 1 . Compounds 3 and 4 present a luminescence quantum yield (13 and 14% respectively), which is similar to that of the reference 1 (12%). We showed earlier that increasing the number of dendrons does have any significant influence on the quantum yield.
Fluorescence quantum yields -
As a result, a system in which a 5,10,15,20-tetraphenylporphyrin is linked, via ether bridges, to eight or sixteen fluorenyl donor moieties in position 3 and 5, presents the same luminescence efficiency as the parent TPP compound. 20, 28 For these reasons dimer with direct connection of fluorenyl on meso position was proposed.
For free dimer 8: a conjugated system possessing 6 fluorenyl arms and two free porphyrin macrocycles, a high luminescence quantum yield (17%) is obtained in nondegassed DCM, higher than previous none conjugated dendrimers; with 8 or 16 fluorenyl arms (compounds 3 and 4 respectively) and as the reference TPP compound (1), but not as high as the parent compound TFP (2) .
The corresponding zinc complexes, monomer 12 and dimer 7 have low luminescence quantum yield (around 5-7%), which is relatively high for zinc complexes, higher than reference compound ZnTPP (3.3%) and similar to the parent compound ZnTFP (5%).
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Conclusions and outlook
In summary, a series of highly luminescent intermediate porphyrins bearing three fluorenyl groups was presented, successively, compounds 10, 11, 12 and 13. Starting from these building blocks, new linear dimers 7 and 8, bearing in totally six peripheral fluorenyl arms were synthesised and fully characterized. We compared the luminescence properties of these new dimers with the reference TPP (1), porphyrin dendrimers (3 and 4), but also with TFP (2) , which was the promising precursor model of this work.
Perspectives may be changing the bridge connecting the two porphyrins of the assembly to optimize the luminescence, and eventually extend this work to corresponding trimers synthesis. We can also consider grafting dendrons at the periphery of these new dimers, still in the idea of increasing the number of antennae around the heart porphyrin for light collection.
Experimental section

General procedures
All reactions were performed under argon and were magnetically stirred. Solvents were distilled from appropriate drying agent prior to use, DCM and CHCl 3 from CaH 2 and THF was distilled using sodium/benzophenone system. The rest of the solvents used were of HPLC grade. Commercially available reagents were used without further purification unless were measured using standard methods; TPP in DCM (Φ = 0.12 at λex = 417 nm) was used as a reference. The reported fluorescence quantum yields are within ± 10%.
Synthesis of Monomers
Trimethylsilylacetylene (5 3 .CHCl 3 (16 mg, 0.015 mmol), and AsPh 3 (37 mg, 0.12 mmol) was prepared in 18 mL of freshly distilled THF under argon. Then, triethylamine (3.5 mL) was added to this solution. This reaction mixture was stirred for 72 hours at 35°C under argon. Then, it was cooled at room temperature, filtered and evaporated to dryness. The residue was purified by column chromatography on silica gel using DCM/heptane (1 : 1) as eluent then increasing the proportion of DCM till 100% affording the product 7, as a dark red impure powder with a yield of around 5%. Two side products; 14 and 15 were isolated and characterized as shown below (see part 4.4.). Finally, triethylamine (3.5 mL) was added to this solution. The reaction mixture was stirred for 24 hours at 35°C under argon. Then, it was cooled at room temperature, filtered and evaporated to dryness. The residue was purified twice by column chromatography on silica gel using DCM/heptane (1 : 1) as eluent then increasing the proportion of DCM. Product 7 was isolated as a dark red powder when DCM/heptane (3 : 1) were used. Then, the obtained product was precipitated in heptane to afford 7 as a pure product with 25% yield. The reaction was followed by MALDI-TOF MS as well as by NMR. This new compound 7 is very soluble in most organic solvents and can be purified by precipitation (DCM/heptane). Compound 7 behaved well on silica gel chromatography and was fully characterized by usual solution spectroscopies (NMR, mass spectrometry) and microanalysis; the hydrogen and carbon atomlabeling scheme for this monomer is shown in Figure 3 . 1 H NMR (500 MHz, CDCl 3 , δ in
Synthesis of 5,10,15-(trifluorenyl)-20-(4-((trimethylsilyl
)
Synthesis of dimer 7 using P(o-tol) 3 as a catalytical ligand -
